Whole-genome sequencing (WGS) of microbial pathogens has become an essential 24 part of modern epidemiological investigations. Although WGS data can be analyzed 25 using a number of different approaches, such as traditional phylogenetic methods, a 26 critical requirement for global systems for pathogen surveillance is the development of 27 approaches for transforming sequence data into WGS-based subtypes, which creates a 28 nomenclature that describes their higher-order relationships to one another. To this end, 29 subtype similarity thresholds are needed to define clusters of subtypes representing 30 lineages of interest. WGS-based subtyping presents a challenge since both the addition 31 of novel genome sequences and small adjustments in similarity thresholds can have a 32 dramatic impact on cluster composition and stability. We present the Neighbourhood 33 Adjusted Wallace Coefficient (nAWC), a method for evaluating cluster stability based on 34 computing cluster concordance between neighbouring similarity thresholds. The nAWC 35 can be used to identify areas in in which distance thresholds produce robust clusters.
https://github.com/peterk87/sistr_cmd). For Campylobacter, we developed a prototype cgMLST scheme as described below and cgMLST analysis was performed using the 132 Microbial In Silico Typing (MIST) platform (Kruczkiewicz et al., 2013) . Only Salmonella 133 and Campylobacter genomes with complete allelic profiles (i.e. no truncated or missing 134 loci) and representing unique allelic profiles were included in the final analyses 135 (n=32,864 and n=4,134, respectively) . Allelic profiles were clustered using globally 136 optimal eBURST (goeBURST) (Francisco et al., 2009) in PHYLOViZ (Francisco et al., 137 2012) . A distance threshold (T) for cluster definition, expressed as the number of allelic 138 differences for which isolates would be considered as part of the same cluster, was 139 applied and used to generate goeBURST clusters at all possible similarity thresholds. A 140 "normalized" or feature-scaled T, expressed as a proportion of the total number of 141 typing loci, was also calculated to facilitate comparison across datasets since each 142 organism had a different number of loci included in its schema.
143
Campylobacter cgMLST assay design. 144 To identify core genes, we sampled a wide cross-section of publicly available genomes 145 (n=5,693). Information on the strains used for core genome definition and cgMLST 146 scheme creation can be downloaded from https://github.com/INNUENDOCON/nAWC. 147 Draft genome assemblies were annotated using Prokka (Seemann, 2014) . We used 148 Roary (Page et al., 2015) to define a pangenome and to identify a "strict" set of core 149 genes found in at least 99.9% of genomes in the dataset. This strict core gene definition 150 circumvented allele assignment problems that arise when analyzing large numbers of 151 draft genome assemblies for accessory loci that may be considered as core under a 152 less stringent definition. A set of 697 core genes was identified based on this analysis 153 and used to develop a cgMLST scheme for the MIST in silico typing platform 154 (Kruczkiewicz et al., 2013) . To assess cluster stability for all possible thresholds, clusters can be generated from the 164 same matrix of allelic profiles by varying the distance threshold :
Where is a function that generates clusters from at . The cluster concordance 167 of clusters defined at adjacent thresholds (i.e. vs. +1 ) can be assessed for all 168 possible distance thresholds:
Where is the maximum possible cut-off for number of allelic differences. Given ,
171
we can find values of that produce high cluster concordance with respect to T n+1 or, 172 in other words, thresholds that produce stable clusters upon a shift from T n to T n+1 .
173
The Shannon Index (SI) (Shannon, 1948) Shannon Index (SI), a measure of cluster entropy, was observed ( Fig. 1a and Fig. 2a The nAWC, a statistic for measuring the level of cluster agreement between adjacent 225 similarity thresholds, was computed for both Salmonella and Campylobacter. In the 226 nAWC plots ( Fig. 1a and Fig. 2a , bottom panels), it is possible to observe evidence 227 consistent with the two different phases of cluster consolidation previously discussed. In
228
Phase I, an increase from T 0 to T 1 and to subsequent thresholds resulted in successive 229 nAWC values that deviated from the maximum value of 1, reflecting the low partition 230 congruence between neighbouring thresholds consistent with high cluster instability.
231
Values for nAWC as low as 0.3447 and 0.3285 were observed in Phase I for
232
Campylobacter and Salmonella, respectively. As the distance threshold was increased,
233
we then observed nAWC convergence towards unity, leading to a secondary phase 234 defined by nAWC values that remained at or near this maximum value, consistent with 235 highly stable cluster configurations and reduced rates of cluster consolidation.
236
Transition to Phase II, which we defined at the earliest point at which five or more 237 consecutive thresholds yielded nAWC values that remained above 0.9900, was 238 observed at normalized T values approximating 0.0646 and 0.1061 for Campylobacter 239 and Salmonella, respectively. In Phase II, we observed nAWC plateaus that were 240 interrupted by isolated temporary decreases in the nAWC (i.e. nAWC "valleys") ranging 241 in value from 0.500 to 0.950 triggered by the merging of mid-and large-sized clusters at 242 specific distance thresholds. Notably, we also observed large drops in Shannon Index at 243 T values generating large nAWC valleys, consistent with a loss of entropy through 244 cluster consolidation, a trend that was most conspicuous for Campylobacter ( Fig. 2a , 245 middle and lower panels).
246
Highly asymmetrical cluster consolidation leads to nAWC values approaching 247 unity 248 For each threshold we computed the minimum single-linkage intercluster distance for 249 every cluster in order to identify all clusters expected to merge (i.e. "Merged" clusters or 250 M) upon an increase to the adjacent threshold (i.e. T n  T n+1 ). We examined the 251 composition of each M cluster with regards to the relative contribution of "Recipient" (R) 252 and "Donor" (D) sub-clusters that comprised it (see representation in Fig. 3a ). As can be 253 seen in Fig. 3b , there is a strong negative correlation between the nAWC and the 254 normalized aggregate size of D sub-clusters, i.e. the proportion of overall subtypes in D 255 sub-clusters (r = -0.7103 and -0.8398 for Campylobacter and Salmonella, respectively).
256
Consistent with this observation, the mean of the normalized aggregate size of D sub-257 clusters for thresholds with an nAWC > 0.99 was significantly smaller than that of 258 thresholds with an nAWC < 0.90 ( Fig. 3c ) for both Campylobacter (0.0017 ± 0.0021 vs.
259
0.0435 ± 0.0386; p = 8.02 x 10 -21 ) and Salmonella (0.0024 ± 0.0032 vs. 0.0969 ± 260 0.0802; p = 7.26 x 10 -20 ).
261
The nAWC can be used to identify distance thresholds critical to cluster 262 consolidation 263 We examined D and R sub-cluster data for all M clusters at sets of consecutive 264 thresholds representing isolated nAWC valleys, as described in Fig. 4a . Data for 265 Campylobacter (Fig. 4b compared to Salmonella (n=44 vs. n=19), which is also observed in their respective 358 dendrograms ( Fig. 1b and Fig. 2b ).
359
To further explore the effect of distance thresholds on cluster stability, we investigated 360 cluster consolidation as a function of T. Consolidation between "unstable" clusters, 361 which are expected to merge upon a shift to the adjacent distance threshold, is 362 governed by the minimum single-linkage intercluster distance (i.e. the smallest pairwise 363 distance between any two genomes in the respective clusters) since a T that exceeds 364 this distance will trigger cluster consolidation. For each threshold n, we identified sets of 365 unstable clusters, a larger "recipient" (R) and one or more smaller "donor" (D) sub-366 clusters producing a "merged" (M) cluster upon a shift to n+1. . enterica. (a) The number of clusters and Shannon Index (SI) show the impact of adjusting the distance threshold for cluster definition (T) on cluster stability. At the lowest T values, a region of high instability (Phase I) can be observed that is characterized by a rapid decline in both the number of clusters observed and the Shannon entropy. This is followed by a region of high stability (Phase II) in which cluster consolidation is greatly reduced, as evidenced by the marginal decreases in the number of clusters and Shannon entropy observed. Consistent with these cluster consolidation dynamics, Neighbourhood Adjusted Wallace Coefficient values observed in Phase I deviate from unity, as adjacent T values produce unstable clusters with low partition congruence. In Phase II, greater cluster stability is evidenced by sustained high nAWC values across multiple thresholds punctuated by periodic large drops in the nAWC plot (i.e. "nAWC valleys") due to the consolidation of mid-sized clusters. The transition between Phase I and Phase II is shown (inset). (b) Cluster stability characteristics are consistent with branching patters observed in a dendrogram showing the population structure of S. enterica. (Fig. 1a ) low distance thresholds for cluster definition (T) led to a region of high cluster instability (Phase I) characterized by rapid consolidation of clusters, which was followed by a region of higher stability (Phase II) in which the rate of cluster consolidation was greatly reduced. As was observed for Salmonella, the Neighbourhood Adjusted Wallace Coefficient (nAWC) is consistent with other measures of cluster stability, including the number of clusters observed and Shannon entropy. In Phase I, the nAWC deviated from unity while converging towards it as Phase II emerged. The transition between Phase I and Phase II is shown (inset). In Phase II, cluster stability yields sustained plateaus comprising high nAWC values with periodic "nAWC valleys". (b) Cluster stability characteristics, which include a much larger number of nAWC valleys compared to S. enterica (n=44 vs. n=19, respectively), are consistent with the large number of merging lineages observed across a wider range of phylogenetic depths in a dendrogram representing the C. jejuni population structure. A "merged cluster" M at threshold n+1 results from the merging of a "recipient" cluster R and one (or more) "donor" sub-clusters (e.g. D' and D") upon a shift in distance threshold from n (i.e. T n  T n+1 ). (B) For both Campylobacter and Salmonella, there is an inverse relationship between nAWC and the aggregate donor size (r = -0.7103 and -0.8398 for Campylobacter and Salmonella, respectively), which is expressed as the proportion of total subtypes in donor clusters contained within merged clusters to facilitate comparison between datasets. (C) A comparison of the mean aggregate donor size for thresholds with nAWC values deviating significantly from unity (i.e. nAWC < 0.9) and thresholds with nAWC values approaching unity (i.e. nAWC > 0.99) shows that the former are significantly higher for both Campylobacter (p = 8.02 x 10 -21 ) and for Salmonella (p = 7.26 x 10 -20 ). Boxplots represent quartile values, denotes sample mean. 
